A compact, quasi-4π position sensitive silicon array, TIARA, designed to study direct reactions induced by radioactive beams in inverse kinematics is described here. The Transfer and Inelastic All-angle Reaction 
Introduction

1
A clear understanding of nuclear structure beyond the valley of β-stability requires detailed spectro-2 scopic investigations. Direct reactions, such as single-nucleon transfer reactions are established probes of 3 the single-particle nuclear shell structure and have provided considerable insight into the properties of stable 4 nuclei in the past. With the on-going increase in radioactive nuclear beam intensities, such as those achieved 5 at the SPIRAL facility, this kind of reaction is now feasible. The inverse kinematics of such reactions leads, 6 however, to significant constraints on the experimental apparatus [1, 2] . One of the main obstacles to over-7 come is to reach good energy resolution in the kinematically reconstructed excitation energy given that the 8 energy spread of the secondary beam may be relatively large, the target-like residue can be emitted over a 9 large angular range and that thick targets are often required to compensate for the relatively low intensities 10 of the beams [1] . Already, pioneer detectors such as MUST [3] and the active target MAYA [4] have been 11 build to tackle some of these obstacles and, the detector TIARA described here proposes a new alternative 12 to these other apparatus. The TIARA array is designed and built specifically to study direct reactions with 13 radioactive beams and addresses the challenge of the excitation energy resolution by employing the tech- 
Detector Description
20
The TIARA array [7, 8] has been designed with the ultimate goal of performing nucleon transfer and
21
other direct reaction studies in inverse kinematics using radioactive ion beams [1, 9] . The array is used to 22 identify the binary reaction channels and to determine the excitation energies of the populated states. This forming a "barrel" around the target, and two smaller "CD-type" silicon strip detectors (S1 and S2). for their favourable vacuum properties to transmit the signals from the detector to the vessel feed-throughs.
Resistive Charge Division Detectors
40
Once assembled (Fig. 2 right) , the barrel presents an octagonal cross section of 27.6 mm side length and achieved by resistive charge division and, with alpha particles of 5.5 MeV, the position resolution along the 45 longitudinal axis is determined to better than 0.5 mm (FWHM the ends of the strips (Fig 3(a) ). With a shaping time of 1µs the barrel suffers slightly from ballistic deficits 50 which result in a non-linear dependence of the energy sum, measured at each end of a strip, as a function of 51 the position. Nevertheless, this dependence is easily described with a second-order polynomial function and 52 a corresponding corrective factor can be applied to the energy sum. The resolution for one strip is ∼70 keV
53
(FWHM) for 5.5 MeV alphas (Fig 3(b) ). 
Annular Silicon Detectors
55
As noted earlier, in order to enhance the angular coverage of the TIARA array, double-sided DC annular 56 silicon-strip detectors are mounted at both ends of the barrel. For these detectors the annular rings on the 57 entrance face (junction side) were fabricated by p + implantation on n-type silicon.
58
The forward angles are covered by two 500 µm thick annular detectors based on 4-inch wafer technology.
59
The smallest of the two (S2-design) was positioned 150 sectors at the back. However, for the present measurements, the number of channels to instrument was 63 reduced by linking the rings in threes giving effectively 16 rings of 1.5 mm pitch.
64
The second forward annular detector (S1 design) was mounted 92 mm downstream of the target position 
71
This detector is composed of six individual wedges ( Fig. 2 ) originally developed at Oak Ridge for the SiHy-
72
Ball forward array [11] . Each wedge is divided into 16 strips facing the target and 8 azimuthal back sectors.
73
The active area of a wedge is delimited by inner and outer radii of 28.11 mm and 140 mm, respectively, 
Target Changing Mechanism
78
One of the critical features of the TIARA array is the target changing mechanism ( 
The Vacuum Vessel
91
The reaction chamber of TIARA is made of aluminium and is some 56 cm long (excluding the target feed-throughs (27 pins each) and supporting kinematics plates for detector alignment complete the chamber.
97
While one of the end-plates can accommodate up to 17 feed-throughs, the other one, which also includes two 
Commissioning 145
Experimental Details
146
For the commissioning of the array and in order to validate the technique of heavy-ion-particle- ("addback").
160
The TIARA and EXOGAM arrays were mounted at the entrance of the VAMOS spectrometer ( 
Simulations and Data Analysis
168
Knowing the efficiency of the experimental setup is essential if reaction cross sections and, hence, spec- 
181
Taking into account the inactive regions of the Si detectors, the simulated overall efficiency of the TIARA 182 array for proton detection with energies of a few MeV emitted isotropically was found to be 84%. The 183 efficiency of the various components of the array as a function of the polar angle is illustrated in Figure 8 .
184
An isotropic γ-source at the target position and with variable energy was also simulated to estimate the 185 EXOGAM photopeak efficiency and the result is shown in Figure 7 (b). The photopeak attenuation induced 186 by the presence of the TIARA detectors and the reaction chamber is about 5% at 1.332 MeV, with the silicon 187 layer accounting for about 1%.
188
The output of the simulation is recorded in a ROOT tree which includes as many leaves as channels for the two arrays. The simulated data and the real calibrated data can then be analysed identically using the 190 same analysis code performing the "add-back" and Doppler corrections.
191
An "addback" correction between the clover detectors was not considered here and, as noted above,
192
was only applied to the 4 crystals of each clover. When more than one crystal was hit in a clover, the 
Results
205
The energy of the charged particles deposited in TIARA resulting from the reaction of the 14 VAMOS spectrometer (Fig. 10b) . In the barrel detector, data associated with a low discriminator threshold 
230
The spectrum shown in Figure 12 illustrates the crucial role played by the γ-ray array. All the spectra the reaction (Fig. 11) , also contributes to the broad structure at 5170 keV, to a small extent. It should be noted 237 that the 3/2 + level at 7.30 MeV, also observed by [5] , decays directly to the ground state (Fig.12d) and will, similarly been estimated to be 2.5%.
256
While, with the proton detection only, the final resolution on the excitation energy is restricted to ∼1
257
MeV, the gamma tagging technique improves dramatically the resolution to ∼100 keV, allowing for the two 
262
The proton angular distributions displayed in Figure 13 were extracted by selecting events in region R1 (Fig. 12b ) corresponding to the 15 N levels at 7.16 and 7.57 MeV.
265
The DWBA calculations displayed in Figure 13 were performed using the TWOFNR Unfortunately, in the present measurements, the absolute cross sections, and hence spectroscopic factors,
277
could not be derived from the data. As noted earlier, part of the focal plane of VAMOS was protected from 
Discussion
285
In the present study, knowing the level scheme of 15 N facilitates the identification of the populated states. 
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